Spectra due to the A Z Z + -X Z n transition of the hydroxyl radical in electric fields of over 300 000 V per cm have been obtained. The dipole moment of the AZE+ v = 0 state of O H has been determined to be 
Introduction
Hamiltonian of the form The spectra arising from the A2Z+ excited state of the neutral OH radical have been investigated for over 40 years, but many significant characteristics of the molecule in this state are still not known. The radiative lifetime of OH in the A state has been studied by many authors; from optical pumping experiments the hyperfine structure of several rotational levels of the state have been measured. These experiments have been reviewed recently by de Zafra, Marshall, and Metcalf (1971) . The present paper reports the first experimental determination of the 'Z+ dipole moment.
OH and OD have large rotational spacing constants (B) which give rise to a relatively open rotational structure, but which also require that much larger electric fields be used to obtain appreciable values for the second-order Stark shifts which contain the contributions from the A2Z+ state. Line splittings were also observed which-permitted measurements of the dipole moments in the ground electronic state (X211) for v = 0,1, and 2 in both isotopes. From the where 8 is the angle between the internuclear axis (p) and the z axis (E). This term is of odd parity and hence causes no first-order effect in any single level of definite parity, but it will cause a second-order effect in neighboring levels of opposite parity. Since these second-order effects are greatest when J = 112 (where J is the total angular momentum exclusive of nuclear spin) and N = 0 (where N is the total angular momentum exclusive of nuclear and electronic spin) in the 'Z+ state, and J = 112 in the 211112 state, the theory developed below (eqs. 2 through 7) is restricted to these levels only and to the P12(1) transition between them. Now, if the second-order shifts become large compared to the original level separation, then mixing between nearby levels of opposite parity causes first-order shifts.
In the 'll state such first-order effects occur between A doublets with magnitudes given (for J = 112) by 12 1 WXc1) = [E2/9 + 62/4]112 latter measurements a value for the radiative where = pXE~hC. H~~~ W x (~) is the first-order lifetime of the vibrational levels of the X211 state correction in cm-I, and 6 is the A-doublet separacan be estimated.
tion. Although the 'll state exhibits intermediate coupling between Hund's case (a) and case (b) Theoretical coupling models (Hill and Van Vleck 1928) , the An electric field E interacting with a dipole level J = 112 is pure case (a) and has a secondmoment p gives rise to a perturbing term in the order shift (see Phelps and Dalby (1965) wx(2) = --27Be~ where 3Be,, is equal to the energy difference in cm-' between the J = 112 and the J = 312 levels of the 'II state. In OH, Be,, = 20.414, and in OD, Be,, = 10.48 cm-l, for v = 0. The A2C+ state is described by Hund's case (b), has no A doubling, and hence no first-order effect. The second-order effect is obtained in standard fashion using case (6) coupling formulas to evaluate the matrix elements of expression [l ] (Hill and Van Vleck 1928) . Neglecting spin splitting in the rotational energy differences, the second-order correction for the A state is where E = pAE/hc. The effect of these Stark perturbations is shown schematically in Fig. 1 . Equation 4 gives the correct second-order Stark effect for the J = 112 level of the A state, but for higher J the interaction of spin splitting with the Stark effect must be considered.
From our measurements of the Stark displaced components of the P12(1) line, we will be able to determine both px and p,. In the 'II state, evenorder perturbations will cause the two A-doublet levels to shift in the same direction while the odd orders shift them in opposite directions (see Fig. 1 ). This allows the value of px to be obtained from first-order splittings on which the secondorder displacements have no net effect (Phelps and Dalby 1965) . Higher-order corrections are considered in a later section. Conversely, if px is known, the electric field may be written in terms of the splitting. Define C to be the frequency of the line at zero field, L to be the frequency of the lower component, and U to be the frequency of the upper component, all in cm-l. The firstorder Stark perturbation is expressed in terms of the splitting (U -L) by
Then, allowing for the fact that eq. 2 defines the zero of energy to lie midway between the A doublets, W,(' ) can be expressed as
The preceding equations lead to the relationship [71 For personal use only.
Thus by measuring the asymmetry (x) and the splitting (U -L), we can determine from the slope of y plotted against x. For zero vibrational quantum number (v), the A doublings (6) in the 2171,2 state were calculated from the formulas of Dousmanis, Sanders, and Townes (1955) . The A doublings for v = 1 and 2 have been assumed to be the same as for v = 0 in the J = 112 level. This assumption is within the accuracy of the OH data of Dieke and Crosswhite (1962) . An estimate based on the pure precession hypothesis' indicates that 6 decreases about 2% per unit v (which affects the splitting derived from eq. 2 by 0.1% at the very lowest fields used), confirming the appropriateness of our assumption.
Experimental
The discharge tube used in these experiments has been described by Thomson and Dalby (1968) . The high-field spectra were produced in the cathode fall region just above the end of a cylindrical aluminum cathode with a diameter slightly less than 1 mm. Applying negative voltages to the cathode of as much as 19 kV produced fields measuring up to 320 kV/cm. Helium at a pressure of 0.5-2.0 Torr was used as a carrier gas. With the geometry used, current and intensity are normally more dependent on gas pressure than on voltage. Applied voltages and pressures were limited by the tendency of the cathode to breakdown, permitting erratic higher current modes which eventually lead to an arclike discharge without a cathode fall region. Polished cathodes behave with unpredictable variability, indicating that the effect of the initial conditions of the surface is crucial but poorly understood. The lower fields used to determine px were achieved with similar cathodes made of car5on-rods, 1 and '2'mm in diameter. Carbon cathodes were found not to tolerate such high voltages as aluminum, but would operate more dependably at low voltages.
The spectra were photographed in third order on a 3.4 m Ebert spectrograph with a 30 000 lineslin. grating which gave a dispersion of about 'This assumes that the a, and ! 3, parameters of Dousmanis, Sanders, and Townes (1955) vary only with Bx, so that B, a Bxanda, a (A/Bx + 2)!3,, wherein the spin splitting constant (A) is independent of v. 0.7 A/mm in the region of the (0,O) bands. Dispersions were determined using the lines themselves as standards, for both OH (Dieke and Crosswhite 1962) and OD (Ishaq 1937; Oura and Ninomiya 1943) . Figure 2 is typical of the photographs used for high-field calculations. The PI2(1) line has the largest Stark effect in the A state and remains a simple doublet at all fields, without splitting or broadening from unresolved second-order Stark multiplets. Asymmetries due to second-order effects are visible in the P12(1) and Q,(l) lines of OD in Fig. 2 .
Results
The dipole moment of the X2rIlI2, J = 112 state was measured using the R2(1), Q2(l), and P12(1) line splittings and eqs. 2 and 5. Electric fields were obtained from Balmer-line splittings (see Fig. 3 ) using the coefficients tabulated by Condon and Shortley (1935) , which were slightly corrected for deuterium. HI, (and DI, or D,) were photographed on the same exposures as the O H (and OD) spectra, but in second order. The resulting dipole moments for OH and OD are shown in Table 1 . These values were found using best-fit slopes, weighted for error, according to the method of Phelps and Dalby (1965) , as exemplified by the case of OD, v = 0 which is shown in Fig. 4 . The data of Phelps and Dalby (1965) have been included in the results for OH, v = 0 and v = 1, and are in good agreement with the more recent data. It should be noted that both the new and old optical Stark data give results distinctly different from the value of 1.66 + 0.01 D obtained by Powell and Lide (1965) for the X217,/,, J = 712 level, which is the most accurate value reported from measurement with microwave techniques. The results of Table 1 are plotted in Fig. 5 , along with a curve based on the published calculation of Cade (1967) . The downward trend of the dipole moment with increasing v appears to be real and is in marked contrast to the calculated behavior.
The method used by Phelps and Dalby (1965) to find the transition probability A,, connecting the v = 1 and v = 0 levels in the 2H state of OH gives us a somewhat lower value since from the slope of the experimental data in We have not attempted a complete search of the literature, but some reported values of A,, have been collected in Table 2. This table includes values for the coefficients pl and p2 in the Taylor expansion of the dipole moment about the internuclear equilibrium distance (re) The-quantity R in Table 2 is the dimensionless ratio R = ~2 r e I~l which can be determined from relative intensities in pure vibrational spectra.
The following points should be noted: The transition probabilities which we report in Table  2 have errors of the same order of magnitude as the numbers themselves, according to the error bars in Fig. 5 . However, the consistency of the data in that figure suggests that the errors assigned may be excessive. Our values of p,, p2, and A,, were calculated following Phelps and Dalby (1965) excepting that their calculation was based on R = -0.514 as reported by Heaps and Herzberg (1952) . Garvin (1959) has noted an error in the sign of this quantity and has reported R = +0.90 and/or +0.83, based on the same experimental data as Heaps and Herzberg but with calculations extended to include a cubic term2 ineq. 8.
The results attributed to Cade (1967) in Table 2 were inferred from his theoretical graph of p(r).
From considerations of internal consistency, Potter, Coltharp, and Worley (1971) have assigned a 20% error to the experimental results upon which their reported transition probability is based, but this value seems disturbingly low. The magnitude of A,, appears still to be open to question.
In the determination of pA from our high-field photographs, all lines used were measured for at least 11 regularly spaced intervals from low fields to maximum. The dipole-moment ratio was computed by utilizing eq. 7. The square of the splitting (y) was plotted against asymmetry ( x ) and fitted with a straight line (see Fig. 6 ) whose slope determines pA/px independently of px or any other experimental parameter except BA and Bx whose values are well established (Herman and Hornbeck 1953 ; Herzberg 1950; Carlone and Dalby 1969) . Points were rejected by inspection +0.89 -0.22 Self-consistent field calculations, implying R = -0.24 and Aw = -0.057 'Phelps and Dalby (1965) . bThis R is that of Heaps and Herzberg (1952) and is based on the relative intensities of infrared vibration bands in the night-sky spectrum. <This R is that of Heaps and Herzberg (1952) but with the sign on their St, matrix elements corrected (Garvin 1959) . 'Garvin (1959) . The p, and p2 quoted are averages from the two values of R which are derived from the same intensity data as Heaps and Herzberg (1952).
-...-..-.-. fBenedict and Plyler (1954) . Ud'Incan Effantin and Roux (1971) . The p, and p, quoted are all of indeterminate sign. hPotter, ko1tharp:and Worley (1971) . 'Cade (1967 at lower fields where the asymmetry is of low accuracy, when such points seemed to unduly influence the best-fit slope.
Equation 7 requires this line to intersect the x axis at x = 6 (since k6 >> ti2), although this was not always found to be the case for our data. This seems to be caused by the fact that errors of measurement in the field-split components are averaged in the line fitting process, but any error in the measurement of the undeviated line (C) will shift the x coordinates of all data points uniformly without changing their y coordinates. The largest change in C required to bring our datainto agreement with eq. 7 is about 0.20cm-', or 30 p on the plates. This is less than the width of the zero-field lines but may well indicate error in vertical alignment procedure since all corrections are in the same direction. Moreover, a number of points in the lower-field regions (less than 110 kV/cm) originally displayed asymmetries of the wrong sign, but if the calculations are repeated with C-"adjusted" to match the x intercepts with the A doubling, then these asymmetries change to the sign theoretically expected. Values of pA/pX based on these recalculations are listed in Table 3 . It is not clear whether or not X band. the higher value of pA/pX for OD is statistically significant. Also listed are values for pA assuming the values of px in Table 13 .
The effects of higher orders were investigated. Including terms contributing 0.0005 cm-' or more at fields encountered4, the full expressions are, for N = 0 and J = 112 in the 'Z+ state (Hughes and Kusch 1956) where E = pAE/hc, and for N = 1 and J = 112 in the 213,,2 state, neglecting 6, where E = pxE/hc. Be,, is defined as for eq. 3. Terms higher than second order were included iteratively, first calculating them from preliminary values of the dipole moments and deducting them appropriately from observed line-component positions. These higher-order terms affected the resulting dipole moments by less than 3% .
Mention might be made here of the P12(2) line of OD, which exhibits a curiously triplet-like For personal use only. appearance in both the (0,O) (see Fig. 2 ) and (1, 1) bands. This line is actually a combination of the PI2(2) and P2(2) which are separated by a sufficiently small spin splitting that a quasidegenerate approach must be used in second order for the A state. Values for the spin-splitting constant y (where W,,,, = y(N -t 112)) found in the literature were deemed, unsatisfactory, so a redetermination of y was 'made from our plates, giving which is consistent with a value of y = 0.1252 cm-I calculated from the formulas of Dousmanis, Sanders, and Townes (1955) .
The predicted system of 12 components agrees with the general pattern of the observed splitting but seems to include some unobserved features. Intensities were calculated with an eye toward determining the signs of the A-and X-state dipole moments, by methods similar to those of Thomson and Dalby (1968) . While the condition most closely approximating intensities observed in Fig. 2 is one with pA and p , opposite in sign, the match is too poor to warrant any conclusion.
